We describe a new class of electrostatic actuators with a compliant electrode made of liquid metal alloy contained by a thin elastomeric membrane. We illustrate the use of such actuators as on-chip microvalves for gas flow control. The microvalve comprises of one fixed electrode spanning the floor and sidewalls of the trapezoidal gas channel and one corresponding flexible electrode suspended across the channel. Details of fabrication and preliminary characterization of on/off and proportional valving are presented.
Introduction
Electrostatic actuation is commonly used in microelectromechanical systems (MEMS) such as micromirror arrays and accelerometers. Owing to low power consumption, direct transduction of electrical signals into mechanical action and compatibility with established microfabrication processes, electrostatic actuation is also being considered as a means of valving for highly integrated and parallel microfluidic processors [1] . Presently, state-of-the-art microfluidic systems rely on passive membrane valves that are actuated by pressurized gas lines controlled by off-chip solenoid valves [2] . Electrostatic microvalves may offer an alternative to solenoids that is amenable to full integration and requires significantly 4 Present address: National Institute for Nanotechnology, 11421 Saskatchewan Drive, Edmonton, AB T6G 2M9, Canada. 5 Present address: Department of Electrical and Computer Engineering, McGill University, 3480 University Street, Montréal, Quebec H3A 2A7, Canada. less power to operate. Relatively high voltages required to achieve electrostatic actuation can be readily provided by highvoltage integrated circuitry [3] .
Electrostatically actuated microvalves generally consist of a pair of electrodes, one fixed and one flexible that is moved by an electrostatic force to open or close the fluid path. Compliant electrodes in electrostatic microvalves described to date are realized either by depositing and patterning thin metal films onto flexible membranes [4] [5] [6] , or by doping the bulk elastomeric material with conductive nanoparticles [7, 8] . In compliant electrodes built from solids, elastic and electrical properties are intimately coupled: improving the conductivity by depositing thicker metal films or by increasing the concentration of the nanoparticle dopant leads to an often undesirable increase in the stiffness of the system. In addition, laminate and composite solids are prone to mechanical failure under repetitive stress.
While a broad range of functionalities and applications have been developed within the prevailing solid-state paradigm, inclusion of liquids as active components may in certain cases open new possibilities or improve the performance of MEMS. Mercury is a well-known liquid metal, and electrostatic [9] and electrocapillary [10] actuation of mercury electrodes has been described previously. However, when injected into microchannels, mercury spontaneously recedes to minimize its surface energy [11] . Galliumbased liquid metal alloys (LMAs) have recently been introduced as passive, electrically conductive components to realize stretchable interconnects [12] , compliant electrical probes [13] , stretchable antennas [14] , aligned electrodes in microfluidic systems [15] and pressure sensors [16] . Active heat-management systems based on movement of droplets of LMAs by electrowetting have also been proposed [17] . Gallium-indium eutectic (75.5% Ga by weight) melts at 15.6
• C, and the addition of tin or other elements may further lower the melting point. Unlike mercury, LMAs are nonvolatile and can readily be filled into microchannels to form stable structures. The moldability of LMAs is attributed to the presence of a thin skin of native oxides of Ga under ambient conditions [11, 13] . The oxide layer is typically 2-3 nm thick and acts as a barrier to oxidation of the bulk alloy [18] . Here, we extend possible applications of LMAs into the realm of active components for on-chip valving. We used GaInSn alloy (68.5%, 21.5% and 10% by weight, respectively) with the reported melting point of −18
• C. The electrical resistivity of this LMA of 0.4 × 10 −6 m is lower than that of mercury, and the viscosity is reported as 2.4 mPa s-comparable to isopropanol. The use of a conductive liquid sealed by a thin elastomeric membrane as a compliant electrode provides a flowable functional element that, unlike solid electrodes, does not crack or delaminate under stress. Importantly, the mechanical properties of the LMA/elastomer electrode are dominated by the elastomeric membrane, and are therefore tunable without compromising the electrical properties.
Design and fabrication
Design and fabrication of the microvalve are outlined in figure 1. The device was assembled from two dies and a thin elastomeric membrane sandwiched between them. The top die with channels for LMA was made from PDMS (Sylgard 184, Dow Corning) using standard rapid prototyping methods [19] . A ∼2.0 μm thick membrane was fabricated from a 1:4 mixture by weight of PDMS and toluene by spin coating it onto a 150 mm silicon wafer at 3000 rpm for 60 s. In order to ease the subsequent release of the membrane, the wafer underwent anti-adhesion treatment in CHF 3 plasma before spin coating. The top die and the cured membrane were bonded together after a brief activation in oxygen plasma, and the assembly was gently peeled off from the carrier wafer. The bottom die was fabricated from a 100 mm borosilicate glass wafer (Borofloat, Montco Silicon Technologies). First, 15 μm deep channels of trapezoidal cross-section were wet etched using the receding-mask method that we developed to this end [20] . The bottom portion of the channels was 200 μm wide with a sidewall angle of 14
• from the horizontal plane, resulting in the total channel width of 320 μm at the top. Next, a lift-off process was used to pattern fixed electrodes in a sputter-deposited, 300 nm thick film of indium-tin oxide (ITO). Finally, the PDMS die was aligned and attached to the bottom die by adhesive bonding [21] . The top die included microchannels that cross over the ITO electrodes, and also holes for gas access that were aligned with the ends of the channels in the bottom die. PDMS channels were 2.5 mm long, 150 μm wide and 50 μm deep. The alloy was injected into PDMS microchannels from a prefilled teflon capillary (360 μm o.d., 100 μm i.d., Upchurch Scientific) connected to a plastic syringe. Electrical connections were established by inserting a short piece of Pt wire into the access holes of filled channels, and sealing the holes with silicone adhesive (Dow Corning 732). The resistance between the contacts was below 1 , without noticeable increase over a period of months. 
Results and discussion
Supplying nitrogen under pressure to the gas channel detached the PDMS membrane and opened the channel to the flow. Conversely, when no pressure was applied, the membrane spontaneously adhered to the ITO and closed the channel. At potentials above 100 V between the LMA and ITO electrodes, the LMA exerted sufficient electrostatic pressure on the PDMS membrane to collapse and close the valve against the applied gas pressure (see figure 2) . The estimated displacement volume based on the geometry of the gas channel was 0.8 nL. Video capture at 60 frames s -1 (see electronic supplementary material available at stacks.iop.org/JMM/22/000000/mmedia) revealed that the valve closed in about 30 ms. The initial closing times were somewhat longer than average and then decreased after several tens of close/open cycles. This observation may be attributed to the conditioning of the oxide skin [22] . Referring back to figure 1, the trapezoidal cross section of the gas channel ensures that two electrodes are in close proximity along the edges of the gas channel even when the valve is in an open state. Since the electrostatic force scales with the inverse square of the distance between the electrodes, a trapezoidal geometry leads to a 'zipping' closure of the valve [1, [23] [24] [25] and allows the maximum channel depth in our system to be two to three times larger than typical gaps in parallel-plate configurations that operate at comparable dc voltages [6, 26, 27] . When the applied voltage is removed the valve opens due to the applied pressure of 14 kPa in about 300 ms-comparably slower than the closing because of the adhesion of PDMS to ITO. The opening speed in membrane gas valves can be increased by surface treatment to reduce the adhesion of the membrane to the valve seat [28] .
The possibility of electrical breakdown of the thin membrane needs to be considered. The dielectric strength of a material, expressed as the average breakdown voltage divided by the thickness of the test specimen, does not scale linearly with thickness [29] . The dielectric strength of thin membranes often exceeds the values reported for the bulk material. Limited data available for thin PDMS membranes in contact with aqueous electrolytes indicate a dielectric strength of about 50 V μm −1 [30] , while for PDMS with gold-sputtered contacts, a value of 100 V μm −1 is reported [7] . Leakage current in our setup was below the detection limit of 70 nA, indicating that no electrical breakdown occurred for fields of up to 125 V μm −1 . The absence of any visual evidence of breakdown further confirmed the conclusion that the integrity of the membrane was preserved.
Results of preliminary valving tests are shown in figure 3 . In the open state, a flow rate of 9 μL s −1 was measured for a pressure difference of 14 kPa. The pressurehold tests of the valve in the closed state were performed by [27] Gas valve array Polysilicon/Si 3 N 4 5 μm 300-500 μm 10 kPa at 210 V 150-250 V -Quake et al [6] Gas supplying a specified potential between the LMA and ITO electrodes to close the valve, and then applying a pressure of 14 kPa to the gas inlet and monitoring the flow rate. The measured flow rate sharply dropped for potentials above 150 V, and maximum nine-fold reduction was achieved at voltages above 175 V. Alternatively, closing the valve against a steady pressure of 14 kPa reduced the flow rate by half. We attribute less-than-perfect valving to the wrinkled membrane apparent in figure 2 . The PDMS membrane in our system is somewhat flimsy, presumably due to plastic deformation [31] during the separation of membrane from the carrier wafer. We note, however, that many applications do not require a perfect closure of the valve [39] : peristaltic pumping, for example, depends mainly on the volume displacement during the valving cycle. Investigation of the influence of the shape and aspect ratio of the membrane on the formation of the wrinkle will be the subject of a future study. Proportional valving was demonstrated on the same device by applying a 250 V, 1 kHz pulse wave with variable duty cycle (see figure 3(b) ). The flow rate scaled linearly with pulse widths of up to 50% of the period, whereas pulse widths of 60% and above resulted in the full closure of the valve with leak rates similar to those in the pressure-hold tests shown in figure 3(a) . Table 1 compares the performance of various electrostatic valves described to date. The LMA valve presented here performs comparably to devices based on solid electrodes, while the liquid nature of the alloy eliminates the possibility of fatigue and cracking. Liquid metal electrodes were subject to tens of thousands of actuation cycles without any noticeable change in performance.
The presence of oxide at the surface of LMA is likely to influence the mechanical properties of the electrovalve. Reported surface moduli of the oxide skin are in the range of 1-10 N m −1 , depending on the strain history and time [11, 22] . Assuming that the average value after the initial cycles is closer to the 'soft' limit of ∼1 N m −1 [22] , this would be a mechanical equivalent of additional 2.5 μm of PDMS with shear modulus of 400 kPa.
Conclusions
While preliminary, our results indicate that LMA contained in microchannels can act as a compliant electrode in onchip electrostatic actuators. Gallium-based LMAs exhibit negligible vapor pressure at room temperature, mechanical stability in microchannels and excellent electrical conductivity, thereby enabling fabrication of robust, non-volatile liquid functional components in MEMS. The liquid nature of the alloy also opens the possibility of scaling and distributing the actuation force by virtue of simple principles of hydraulics [34, 35] . The concept is also applicable to direct valving of liquids by applying an ac bias and adding a passivation layer to the fixed electrode [4, 5, 36] . For practical use in certain cases, it will be important to design a valve using a material and geometry that minimize the formation of the bulge in the membrane. While we chose PDMS as a convenient prototyping material, the architecture is compatible with a broad range of other materials previously used to fabricate membrane microvalves, for example, parylene [5, 34, 37] , fluoropolymers [38] and polyimide [33] .
